ABSTRACT The spotted wing drosophila, Drosophila suzukii Matsumura, has widely established in North America and become an economic concern for a variety of fruit crops. To better understand fruit susceptibility, we evaluated peach surface characteristics on the pestÕs oviposition success. The number of D. suzukii eggs laid into the fruit ßesh was tested on 1) peaches with or without indumenta (commonly referred to as peach fuzz), 2) peaches physically damaged by harvest operations, 3) peaches damaged by the peach twig borer Anarsia lineatella Zeller or the forktailed bush katydid, Scudderia furcata Brunner von Wattenwyl, and 4) peaches with punctures that simulated stink bug damage. Female D. suzukii did not lay eggs in intact fuzzy sections of the fruit or into small punctures (0.3 or 0.5 mm), but readily laid eggs in sections without fuzz, with insect damage, and with large punctures (1 mm). The number of eggs per treatment was positively related to the area of the damaged section; the overall fruit Þrmness and sugar content was not related to the number of eggs laid in treated or damaged spots. Direct observations of D. suzukii oviposition conÞrmed that peach fuzz appeared to be an obstacle for the ßyÕs oviposition success, and female ßies ceased ovipositional attempts on fuzzy peach sections after a short period of time. Successful oviposition times were associated with substrate Þrmness, with shorter oviposition time in damaged spots than in cherry fruit or shaved spots of the peach. The results indicate that intact, preharvest peach fruit are unlikely to be infested by the ßy, but any surface damage could render the fruit susceptible to the ßy.
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The spotted wing drosophila, Drosophila suzukii Matsumura (Diptera: Drosophilidae), a native of Southeast Asia (Kanzawa 1939) , has widely established in North America and Europe (Hauser 2011 , Lee et al. 2011a , Calabria et al. 2012 , Cini et al. 2012 . Since its Þrst detection in California in 2008 (Bolda et al. 2010) , the ßy has been found in most fruit growing regions in North America (Agriculture and Agri-Food Canada [AAFC] 2013, National Agricultural Pest Information System [NAPIS] 2014). Whereas the vast majority of Drosophila species oviposit into rotting fruit and decaying matter, female D. suzukii have a serrated ovipositor that allows them to oviposit in ripening fruits (Atallah et al. 2014) . In part because of their serrated ovipositor, D. suzukii are reported to attack a variety of soft-and thin-skinned fruits, such as stone fruits (apricots, cherries, peaches, plums, and nectarines), berries (strawberries, blueberries, blackberries, raspberries, and mulberries), and overripe or injured fruit of apples, grapes, loquats, oranges, pears, persimmons, Þgs, and pomegranates (Kanzawa 1939 , Mitsui et al. 2006 , Lee et al. 2011b , Burrack et al. 2013 , Yu et al. 2013 ).
This ßyÕs large host range and penchant for attacking fresh and ripening fruit can result in signiÞcant economic impact to commercial crops. Direct losses in cultivated tree fruits and berry crops have occurred throughout North America (Bolda et al. 2010 , Beers et al. 2011 , Burrack et al. 2013 . Pesticide applications have been the primary control tactic against D. suzukii in North America (Beers et al. 2011 . Market losses owing to quarantines, residue restrictions, and increased management costs including postharvest treatments also negatively impact grower proÞts (Beers et al. 2011 .
Whereas several studies conducted on spotted wing drosophila conÞrm that the drosophilid can infest numerous fruit crops, most biological studies on D. suzukii have focused on cherry and berry crops (Mitsui et al. 2006 , Lee et al. 2011b , Burrack et al. 2013 , Kinjo et al. 2013 , Tochen et al. 2014 . Previous studies suggest that many external (e.g., Þrmness) or internal (e.g., sugar content and pH values) fruit characteristics can affect the susceptibility of the fruit to D. suzukii (Mitsui et al. 2006 , Lee et al. 2011b , Burrack et al. 2013 . For example, D. suzukii laid more eggs in blueberry (Vaccinium corymbosum L. and Vaccinium virgatum Aiton) cultivars with softer rather than Þrmer fruits (Kinjo et al. 2013) . Female attraction to susceptible fruits is likely queued by olfactory stimulus. Hamby et al. (2012) indicate that an association exists between spotted wing drosophila and certain yeast species and that these yeasts may attract spotted wing drosophila females for oviposition and feeding. Apart from chemical stimulus and requirements, physical characteristics of suitable host fruits might also facilitate oviposition, as was shown by Steffan et al. (2013) with D. suzukii oviposition into wounded or unwounded cranberries. Many fruit species may be physiologically suitable hosts for D. suzukii growth and development, but are less likely infested by the ßy simply because the adult ßy is unable to successfully lay eggs in the fruit ßesh (hereafter referred to oviposition success) owing to the fruit surface characteristics such as a relatively hard (Þrm) or thick surface skin. In this sense, behavioral adaptation must precede the physiological adaptation in the evolution of host speciÞcity of insects (Futuyma and Moreno 1988) . Other than fruit Þrmness, the effects of other fruit surface characteristics (e.g., trichomes) on the ovipositional success by adult D. suzukii, are largely unknown. Bellamy et al. (2013) evaluated D. suzukii to develop a relative "host potential index" (HPI) to numerous fruit hosts based on combined results from studies on larval performance on a fruit and agar diet, ßight bioassay (adult ßy attraction to host volatiles), population oviposition, and individual oviposition. They report peach (Prunus persica L.) ranked 5 of the 7 fruit in total host potential, ahead of grape (Vitis vinifera L.) and blueberry (Vaccinium spp.), and below cherry (Prunus spp.), blackberry (Rubus spp.), strawberry (Fragaria ϫ ananassa Duchesne), and raspberry (Prunus spp.). In their individual studies, a peachÐagar mixture was a suitable diet for larval D. suzukii (1 of the 7 fruits); however, in a multiplechoice test where the different fruits were simultaneously exposed to female D. suzukii, they report that no adult D. suzukii emerged from exposed peach (7 of the 7 fruits).
The potential of a plant serving as a host might best be described using a hierarchal structure of an insectÕs host location, oviposition behavior, and larval development rather than an accumulation of these criteria (Futuyma and Moreno 1988) . A nonchoice test and direct evaluation of oviposition behavior (determining the initial number of eggs laid rather than emerged adults) might be needed to determine if D. suzukii can oviposit on fresh peach, and the mechanisms that determine oviposition success or failure. Peach skin is covered by dense, short trichomes called indumenta (commonly referred to as peach fuzz) that could inßuence a ßyÕs oviposition success in fresh intact peaches. Other peach skin characteristics that inßu-ence D. suzukii oviposition might include feeding damage by other insects or animals that break the fruit surface and hand-picking during harvest operations that result in minor damage to the stem-end area of the fruit. Any surface damage could result in potential exposure of bare peach ßesh to the ßy, and many of these wounds can be small and difÞcult to detect in postharvest cull operations.
We sought to determine various factors that could impact oviposition by adult D. suzukii on peach. SpeciÞcally, we examined the effects of peach fuzz and insect feeding or harvest damage on the ßyÕs oviposition success. We selected feeding damage by two common insect pests in stone fruit: the peach twig borer, Anarsia lineatella Zeller (Lepidoptera: Gelechiidae), and the forktailed bush katydid Scudderia furcata Brunner von Wattenwyl (Orthoptera: Tettigoniidae). Both pests can cause "grazing" damage to the peach surface and the peach twig borer will also bore into the fruit; damage from these insects likely occurs from fruit color break to harvest (Bentley and Steffan 2001) . We also simulated damage from some true bugs that can probe into ripening fruit using their needle-like mouthparts, typically causing little visible damage. Finally, we directly observed the ßyÕs ovipositional behavior on peaches with different types of surface characteristics, as well as on cherry (one of the ßyÕs preferred hosts) and on artiÞcial diet substrate.
Materials and Methods
Insects. Insect colonies were maintained at the University of CaliforniaÕs Kearney Agricultural Research and Extension Center (Kearney) in Parlier (Fresno County), CA. The D. suzukii colony was established from Þeld collections of infested cherries at Kearney in May 2013. Thereafter, ßy larvae were maintained on a cornmeal-based artiÞcial diet, using similar methods as described by Dalton et al. (2011) and adult ßies were held in Bug Dorm2 cages (BioQuip Products Inc., Rancho Dominguez, CA) supplied with a 10% honeyÐwater solution as food. Both larvae and adults were held inside incubators at 23 Ϯ 1ЊC, 60 Ð75% relative humidity (RH), and a photoperiod of 12:12 (L:D) h. All adult female ßies tested were between 1 and 2 wk old and had been kept with males since emergence (and therefore assumed to be mated).
The A. lineatella colony was established with larvae recovered from commercial peach orchards near Parlier, CA. The moth larvae were maintained on a beanbased artiÞcial diet, as described by Krugner et al. (2005) for the obliquebanded leafroller, Choristoneura rosaceana (Harris). Adults were held in BugDorm2 cages with pieces of felt cloth provided as an oviposition substrate for the adult moths. First-instar peach twig borer were collected from the felt and placed into the bean-based diet. The forktailed bush katydid colony was established with katydids collected in commercial peach orchards near Visalia, CA (Tulare County); and thereafter maintained either on peach, citrus, almond, or grape, depending on their seasonal availability, in a greenhouse where temperatures ßuc-tuated from a 30ЊC maximum in summer to a 5ЊC minimum in winter. The colony was exposed to 20 Ð50 potted plants at any given time to maintain the colony density between 100 Ð 400 adult katydids.
Tested Fruit. The yellow-ßesh peach fruit ÔEar-lirichÕ was used for most tests; Earlirich is one of the most common varieties grown in CaliforniaÕs San Joaquin Valley. When harvested, the fruit is relatively Þrm and features an acidic ßavor. ÔSpring SnowÕ and ÔBabcockÕ, both white-ßesh peaches, were also used. Relative to Earlirich, Spring Snow has longer and heavier hairs on the fruit surface, while Babcock has less fuzz. Fruit tested were collected fresh from orchards at Kearney that had not received any insecticides during the fruiting season, but that had received a dormant insecticide sprays for peach twig borer (the insect growth regulator dißubenzuron) and mites (the pyrethroid esfenvalerate).
The tested fruit were hand-picked using a pruning shear to cut them off just above the stem-end; unless otherwise stated, fruit collections were made during commercial harvest periods to match fruit ripeness in our study with that in a commercial operation.
Fruit Surface Damage and Test Procedures. All hand-picked fruit were carefully examined and sorted into "intact fruit" (no visible signs of damage) or harvest-damaged fruit (a small amount of the peach skin, near the petiole, was removed during the harvest operations). Randomly selected intact fruit were also manipulated to create the following six types of fruit surface treatments: 1) Intact fruit: Hand-picked fruit without any visible damage. In total, 45 Earlirich and 21 Babcock fruit were tested, respectively. 2) Shaved fruit: Hand-picked and intact fruit were selected and a small section of peach fuzz on each fruit was then removed using a razor and wet tissue paper. The length and width of the shaved area was 3.0 Ð3.5 cm. To reßect the relative size of shaved versus unshaved surface area, the length (L) and width (W) of each tested fruit were also measured using a caliper (to nearest 0.1 mm), and the surface area (SA) of each fruit (prolate spheroid) was calculated as SA ϭ 2⅐⅐W 2 ϩ 2⅐⅐L⅐W⅐arcsine (E)/E, where
1/2 (Weisstein 2014) . In total, 44 Spring Snow fruit were tested. For this test, we compared the intact and shaved sections only within the Spring Snow fruit. 3) Harvest damage: Hand-picked fruit with a small amount of the peach skin, near the petiole, that had been removed during the harvest operations. In total, 26 Earlirich and 15 Spring Snow fruit were tested, respectively. 4) Peach twig borer damage: Intact fruit that were picked using a pruning shear, thereby keeping the petiole intact to better mimic fruit on the tree, were individually exposed to peach twig borer larvae (second to fourth instar) for 1Ð2 d. The use of differently sized larvae and exposure periods was intentional to produce fruit with variable sizes of damaged area. The shape of feeding damage by peach twig borer was irregular; therefore, a relative measure of damage size was taken by measuring the maximum length and width of each damaged section with an ocular micrometer. In total, 33 Earlirich fruit were tested, with a combined 68 feeding wounds (each fruit had 1Ð3 separate feeding wound sites).
5) Katydid damage: Intact fruit were picked using a pruning shear, as described previously, and then exposed to 30 katydid nymphs and adults in a large (30 by 30 cm) screened cage for a 24 h period. The maximum length and width of each damaged area were measured, as described previously. In total, 35 Earlirich fruit were tested, with a combined total of 78 feeding wounds (individual fruit had 1Ð 8 wounds). 6) Puncture damage: To simulate hemipteran feeding damage, intact fruit were punctured using 0.3, 0.5, and 1.0 mm diameter-sized needles. The three puncture sizes were lined up within a 1 cm area near the shoulder of each fruit, with the order of each puncture size random. In total, 21 Earlirich fruit were tested (each with the three different puncture sizes). In addition, 10 randomly selected and newly laid ßy eggs from the colony were measured for their length and width with an ocular micrometer to be compared with the size of the punctures.
Because the intent of the experiment was to determine only if these treatments facilitate oviposition, and not which type of damage is preferred by female spotted wing drosophila, no-choice oviposition tests were conducted for each fruit treatment using similar procedures. For each trial, immediately after the treatment preparation, fruit were exposed to female ßies (2Ð 4 ßies per fruit) in a BugDorm2 cage for a 24 h oviposition period; cages were provisioned with a 10% honeyÐwater solution as food for the adult ßies. Each exposed fruit was then checked thoroughly under a microscope to record the location and number of eggs laid. Here, we deÞne a successful oviposition when an egg was vertically inserted into the fruit ßesh with the egg Þlaments visible, but an aborted egg if the entire egg was horizontally placed over the fruit surface as previous observations showed that larvae from these eggs rarely survived. Three different locations (damaged or treated spots, stem-end region, and the rest of fruit) of the eggs on the fruit surface were recorded. All tests were conducted under controlled conditions (23 Ϯ 1ЊC, 40 Ð 60% RH, and a photoperiod of 16:
For each fruit tested, brix (sugar content) and fruit Þrmness (surface penetration force) were measured. A portable refractometer (ATC-1E Brix 0 Ð32%, ATAGO USA Inc., Bellevue, WA) was used to measure the sugar content. A piece of fruit from the cheek area (middle section or the widest part of the fruit) was removed and juiced to measure brix. Surface penetration force was measured using a penetrometer with 1 mm test tip (L-500 g, 5 g/Div., AMETEK Inc., Berwyn, PA). A value of 100 g mm Ϫ1 indicates that 100 g of force is needed to penetrate the 1-mm-diameter section of fruit surface. Preliminary tests of 32 ripe Earlirich fruit used Þve readings at the stem-end (an area Ϸ2 cm around the petiole), top shoulder, cheek, bottom shoulder, and bottom (or tip) of each fruit. The results found that the stem-end area was softer (174.4 Ϯ 8.7 g) than other surface areas of the fruit, which were not signiÞcantly different from each other and that combined required an average 293.0 Ϯ 11.9 g penetration force (t-test, t ϭ 8.1; df ϭ 31; P Ͻ 0.001). Therefore, one reading was taken from the middle of stem-end area to represent the Þrmness of the stemend area, and three readings were taken from the area between the shoulder and tip, which were averaged to represent average fruit Þrmness.
Fruit Brix and Firmness. In addition, for shaved fruit and harvest-damaged fruit tests, fruit with a range of different sugar content and Þrmness levels were used (additional fruit were collected after the commercial harvest dates). For the shaved fruit and treated fruit sections, the fruit Þrmness on the shaved or damaged spot was also measured after the count of eggs. Therefore, fruit brix levels and Þrmness based on three readings taken from the intact areas as mentioned previously were used to determine whether these two characteristics were correlated with D. suzukii oviposition.
Ovipositional Behavior. Direct observations on the ovipositional behavior of adult female D. suzukii were made and the success or failure of each oviposition attempt was recorded when the adults were presented treatments of artiÞcial diet media (provided in a 2 by 8 cm petri dish), cherry fruit (ÔRainierÕ), intact peach fruit, harvest-damaged peach fruit, and shaved peach fruit (all peach fruit were Earlirich), respectively. For each observation, artiÞcial diet media or tested fruit were Þrst placed inside a plastic cage (30 by 30 cm) with 20 Ð30 adult female ßies. After the ßy landed on the tested substrate, oviposition behaviors were viewed using a stereomicroscope for closer observation of the behaviors. The entire process was timed for each successful oviposition, from probing to the withdrawal of the ovipositor. For each treatment, 15Ð30 observations were completed. After each observation period, the brix and Þrmness of the tested substrate were measured, as described previously.
Data Analysis. Data are presented as treatment means (ϮSE) for the number of eggs laid, brix, and fruit Þrmness; each fruit or damage patch is considered a replicate. Because the type of damage was different for the different treatments, numbers of eggs per treated or damaged area were compared with the intact fruit, as well as the intact area of the damaged fruit, using analysis of variance (ANOVA). For peach twig borer and forktailed bush katydid treatments, the relationships between the number of eggs and damaged area (based on maximum length and width of areas damaged) were analyzed using linear regression.
Ovipositional times on different fruits or artiÞcial substrates were compared using survival analysis (logrank test). If a female ßy did not successfully complete oviposition, the observation was considered as censored data. If the overall log-rank test for the survival analysis was signiÞcant between group comparisons, the signiÞcance of each paired comparison was adjusted to a table-wide level of 5% using the sequential Bonferroni adjustment. Unsuccessful ovipositional attempts (i.e., giving-up time) were also compared using the survival analysis. All analyses were performed using JMP V10 (SAS 2010, Cary, NC).
Results
Fruit Tests. D. suzukii eggs were not found on intact fruit or any intact-sections (e.g., fuzzy and undamaged) of Earlirich, Babcock, or Spring Snow in any of the treatments (shaved, harvest damaged, insect damaged, or puncture-damaged fruit; Fig. 1) , with the exception of the less fuzzy stem-end region. Female D. suzukii readily laid eggs into the shaved area of every tested fruit (Fig. 1) , and no egg was found on the rest of the fruit surface (i.e., unshaved area), even though the average shaved area (10.8 Ϯ 0.6 cm 2 ; n ϭ 44) was Ͻ10% of the total surface area of the fruit (116.9 Ϯ 2.9 cm 2 ; n ϭ 44). Female ßies also laid eggs into stem-end sections damaged by harvest operations, peach twig borer and forktailed bush katydid feeding damage, and large (1.0 mm) puncture wounds (Fig. 1) . No eggs were found in smaller (0.3 and 0.5 mm) punctures (Fig. 1) .
The number of D. suzukii eggs showed a positive relationship with maximum width of the damaged section by peach twig borer or forktailed bush katydid feeding (Fig. 2) . There was a similar relationship to maximum length of the damaged area (peach twig borer: y ϭ 0.039 ϩ 0.903x; r 2 ϭ 0.298; P Ͻ 0.001; and forktailed bush katydid feeding: y ϭ Ϫ0.032 ϩ 0.713x; r 2 ϭ 0.204; P Ͻ 0.001). Eggs were found in sections with Ͼ0.5-and Ͼ0.9-mm-wide damage by peach twig borer and forktailed bush katydid, respectively. Note that the mean length and width of each newly laid D. suzukii egg were 0.594 Ϯ 0.004 and 0.212 Ϯ 0.004 mm, respectively (n ϭ 10). Test fruit varied in sugar content (F 7, 317 ϭ 20.4; P Ͻ 0.001) and Þrmness (F 7, 317 ϭ 53.8; P Ͻ 0.001) across , stem-end harvest-damaged Earlirich and Spring Snow fruit, peach twig borer-(PTB) and the forktailed bush katydid (katydid)-damaged Earlirich fruit, and simulated hemipteran feeding damage with variable sized needle punctures (0.3, 0.5, and 1.0 mm). Different letter above each bar represent a signiÞcant difference between the intact treatments means (the entire fruit) and the manipulated shaved or damaged fruit sections, regardless of damage size (ANOVA, P Ͻ 0.05). different treatments or within each treatment, especially within the shaved or harvest-damaged treatments because of the variable harvest dates for these trials (Table 1) . Within each cultivar, sugar content generally increased with decreased Þrmness in Earlirich (brix ϭ 10.9 Ð 0.007 Þrmness [g]; n ϭ 150; r 2 ϭ 0.136; P Ͻ 0.001), but the relationship was not significant for Babcock (n ϭ 21; r 2 ϭ 0.027; P ϭ 0.515) or Spring Snow (n ϭ 59; r 2 ϭ 0.008; P ϭ 0.485). The mean Þrmness between the shaved (90.1 Ϯ 7.4 g) and unshaved (84.7 Ϯ 6.3 g) areas were not signiÞcantly different (F 1,86 ϭ 0.290; P ϭ 0.592). Considering the overall peach condition (i.e., outside of the damaged area), there was no relationship between the number of eggs laid in the treatment area and fruit brix or Þrmness (Table 2) , with the exception of the forktailed bush katydid treatment and fruit Þrmness, where the linear regression was signiÞcant but basically a ßat slope (y ϭ Ϫ0.009 ϩ 0.012x) indicating no positive or negative relationship.
D. suzukii eggs were found in intact stem-end region; however, this region near the petiole often has little or no trichomes (observed rather than measured) and these oviposition events were not common even though the experimental design created extreme pest pressure. Across all treatments, there were 133 eggs found on 22 of the 230 tested fruits. The stem-end area was also about half as Þrm as the other fruit sections tested in all three tested varieties (Fig. 3) ; however, fuzz may have been a determining factor as all 22 fruits with eggs inside the intact stem-end area varied widely in Þrmness (157.2 Ϯ 22.4 g, ranged 5.0 Ð367.5 g).
Aborted D. suzukii eggs were found over the fruit surface but rarely on damaged, shaved, or punctured spots. These aborted or misplaced eggs were not common. Across all treatments, 218 aborted eggs were found on 50 fruits; the majority of them were found on intact (66 eggs on 20 fruits) or harvest-damaged (154 eggs on 24 fruits) fruits, and only were a few found on shaved (4 eggs on 4 fruits) and insect damaged fruit (3 eggs on 2 fruits).
Ovipositional Behavior. After landing on the cherry fruit, a female D. suzukii Þrst walks around the fruitÕs surface, possibly searching for a suitable place for egg deposition. She then extends her ovipositor, curls her abdomen inward, and probes the fruitÕs surface for 5Ð10 s. The complete oviposition process generally consisted of two phases: scratching (i.e., breaking the fruitÕs skin) and insertion (depositing the egg into the fruitÕs ßesh). Once the female ßy settles on an oviposition point, her ovipositor is angled so that only the end or point of each blade remains in contact with the fruitÕs skin. She quickly alternates the movement of the left and then right blade of her serrated ovipositor in a lateral direction, at a rate of about two pumps per second, until the fruit exocarp breaks. Afterwards, she begins to spread and contract her ovipositor to insert one egg into the fruitÕs mesocarp (ßesh). The serrated section of the ovipositor is used only to break the skin and create a puncture deep enough for about one-quarter of the egg, which is then pushed completely into mesocarp with only the oxygen Þlament remaining outside of the fruitÕs exocarp. After the egg is inserted, the female slowly retracts her ovipositor and straightens her abdomen, releasing the remaining portion of oxygen Þlament. The oviposition behavior observed on cherry is similar to that on a shaved or damaged peach section or artiÞcial diet. On the artiÞcial diet and damaged peach sections, there Fig. 2 . Relationship between the number of eggs deposited by D. suzukii per maximum width of area damaged by (A) the peach twig borer feeding (y ϭ 0.552 ϩ 2.098x; r 2 ϭ 0.251; P Ͻ 0.001) and (B) the forktailed bush katydid feeding (y ϭ Ϫ1.070 ϩ 1.569x; r 2 ϭ 0.247; P Ͻ 0.001). was less obvious surface-scratching behavior and the female inserted her ovipositor almost immediately after probing. Also, the female inserted her ovipositor sheath much further into the peach ßesh than the cherry ßesh, possibly to create more space for the egg. This is accomplished by alternately spreading and sawing the peach skin with her ovipositor, a more intensive behavior that is likely necessary because of the increased density and Þrmness of peach compared with cherry ßesh. All observed females successfully completed oviposition on artiÞcial diet media or damaged sections (Table 3) . Some females ceased an ovipositional attempt on cherry (3 of 21) or shaved peach (13 of 30), but no female successfully completed oviposition on the fuzzy (intact) sections of a peach. Cherry not only had higher sugar content (F 3, 91 ϭ 471.8; P Ͻ 0.001) but also softer surface (F 2, 64 ϭ 122.4; P Ͻ 0.001) than peach, whereas the pressure needed to penetrate the surface of artiÞcial diet media or damaged peach was so slight as to be unmeasurable with the penetrometer used ( Table 3 ). The difÞculty of ovipositing on peach skin naturally covered with indumenta was apparent by how rapidly ßies ceased oviposition attempts on intact peach sections (85.6 Ϯ 28.2 s; n ϭ 15) compared with shaved sections (221.1 Ϯ 46.1 s; n ϭ 15; Fig. 4A ).
In those trials with successful oviposition, the individual ovipositional time varied among the tested substrates, which correlated with substrate Þrmness. Female ßies took a longer time to complete oviposition on the shaved peach than on cherry, likely because the ßesh of the peach is more Þbrous and dense than a cherry (Table 3 , Fig. 4B ). The ovipositional time was shorter in artiÞcial diet media or in a damaged peach section than on cherry or shaved section of the peach.
Discussion
Our results suggest that harvestable peach fruit are unlikely to be attacked by D. suzukii largely because of their fuzzy surface that discourages or prevents successful oviposition. This was further evidenced by the ßyÕs rapid cessation of ovipositional attempts and deposition of poorly placed eggs on the intact peach surface. Under our experimental conditions with numerous ßies enclosed with a single fruit, which created extreme fruit ßy pressure for oviposition, adult D. suzukii occasionally laid eggs in the stem-end region near the petiole where there was less peach indumenta. We also showed that peach surface damage by insect feeding or harvest operations can facilitate D. suzukii oviposition. The combined results support the Þndings of early work by Kanzawa (1939) that lists peach as a D. suzukii host, but also supports the recent work by Bellamy et al. (2013) that found no D. suzukii emerging from exposed peach fruit. The peach surface might be the most important defense from D. suzukii oviposition, with intact fruit being a poor host but wounded fruit being an acceptable host. Similarly, Steffan et al. (2013) showed that cranberries with a 5-mm-deep surface wound were an acceptable host but unwounded cranberries did not support D. suzukii regardless of the fruit ripeness. Although in this cranberry study the authors suggest that a surface wound and decay were both necessary to support D. suzukii development, whereas in our study with fresh peach only the surface wound is needed. In fact, in cases of extreme pest pressure there can occasionally be successful oviposition in peach near the petiole where there is less of the obstructive fuzzy surface.
We created scenarios whereby susceptible peach fruit might be exposed to D. suzukii just before har- Fig. 3 . Relationship between peach Þrmness on the stem-end area and the average Þrmness on the other fruit sections (mean values from three readings between the shoulder and tip of the fruit) for Earlirich (y ϭ 5.214 ϩ 0.484x; n ϭ 130; r 2 ϭ 0.715; P Ͻ 0.001), Spring Snow (y ϭ Ϫ94.054 ϩ 0.949x; n ϭ 15; r 2 ϭ 0.681; P Ͻ 0.001) and Babcock (y ϭ 26.969 ϩ 0.478x; n ϭ 21; r 2 ϭ 0.541; P Ͻ 0.001). vest, using treatments that included intact, shaved, puncture-damaged, harvest-damaged, and insectdamaged fruit. Although the brix or Þrmness levels varied widely among cultivars as well as among treatments within each cultivar tested, we did not Þnd signiÞcant relationships between the numbers of eggs laid in treatment sections and the overall peach condition (i.e., sugar content and Þrmness outside of the treated spots). Measurements of brix and Þrmness levels have provided mixed results in other studies. Burrack et al. (2013) modiÞed the water to agar medium concentration of artiÞcial diet to create a range of surface penetration forces and brix levels across test plates. Their research showed that no D. suzukii egg was deposited in the medium with the highest penetration force and brix level, but the relationship was not consistent across the four treatment levels measured. Lee et al. (2011b) reported that the number of D. suzukii eggs increased as brix levels increased within tested berry cultivars and Kinjo et al. (2013) reported that D. suzukii laid more eggs in blueberry cultivars that had softer rather than Þrmer fruit. Laboratory studies also showed that D. suzukii prefers ripening cherries to ripe ones and this may increase the chance of the larvae to fully develop and reach maturity before the fruit totally decays (Poyet et al. 2014) . In our studies, we suggest that the presence (intact) or absence (damaged) of peach fuzz has a greater inßuence on oviposition than the brix or Þrm-ness of the peach fruit at a harvest-time ripening stage.
We present two explanations on why the numbers of eggs laid in treated spots were not related to the overall peach sugar content and Þrmness. First, peach fuzz may be the determining factor for the ßyÕs ovipositional site selection and oviposition success. In the shaved study, there was no difference in the Þrmness between shaved and unshaved sections and the Þrm-ness of tested fruit within the treatment varied widely, but no eggs were found in the unshaved treatment. Second, the ßies may be overwhelmingly attracted to fruit odor from the damaged spots, as shown in other studies (Yu et al. 2013) . In trials with insect-damaged (peach twig borer and forktailed bush katydid) and harvest-damaged fruit, fruit Þrmness in the damaged sections was so soft that it could not be accurately measured with the penetrometer, and brix level of these matured fruit may be too similar to be an oviposition determinant.
In general, the size of the damaged section also played a role in D. suzukii oviposition, and the numbers of D. suzukii eggs positively increased with the damage wound size. Our direct observations conÞrmed that female D. suzukii use their serrated ovipositor only to break the fruit skin and then insert a single egg vertically into the fruit ßesh. We would expect that the wound width must be larger than the egg width (0.212 Ϯ 0.004 mm). The size of puncture wounds by hemipteran feeding would depend on the insect species, but the proboscis diameter of most stink bugs is Ͻ0.3 mm. For example, the leaffooted bug Leptoglossus clypealis Heidemann is a common hemipteran pest in California orchards, and adult L. clypealis have a proboscis diameter of 2.0 Ϯ 0.03 mm b Readings on Þrmness were taken from treated area and values are mean Ϯ SE and different letters within the column indicate signiÞcant difference (one-way ANOVA and TukeyÕs HSD, P Ͻ 0.05).
c The skin of the fruit was removed. Fig. 4 . Effects of different treatments substrates for (A) unsuccessful oviposition attempts the cessation or giving-up time with intact or shaved peach sections before the female ßy left the arena (log-rank test, 2 ϭ 6.0; P ϭ 0.014) and (B) successful ovipositional time with substrates of shaved peach, intact cherry, damaged peach, and artiÞcial diet (log-rank test, 2 ϭ 166.2; P Ͻ 0.001).
(n ϭ 10; X-G.W., unpublished data). D. suzukii eggs were not found in small punctures wounds (0.3 and 0.5 mm) that were still larger than the width of D. suzukii egg. It is possible that the large puncture (1 mm) may be more attractive to the ßy than the small punctures because of the volatiles produced. Whereas there is no literature that we are aware of describing the importance of the size of the damaged area for D. suzukii oviposition, we note again that peach is a nonpreferred host because of the surface skin and fuzz and that in preferred hosts (i.e., cherries) fruit damage is not needed to create an oviposition site. Furthermore, many other uncontrolled factors (e.g., the nature or degree of different damage) could have affected the number of eggs laid in the tested peaches. Poorly deposited (or aborted) D. suzukii eggs were found on intact peach fruit. As far as we are aware, other studies of D. suzukii oviposition do not report misplaced eggs occurring on fruit of the more susceptible host crops (Lee et al. 2011b , Burrack et al. 2013 , Kinjo et al. 2013 , Poyet et al. 2014 , Tochen et al. 2014 . We suggest that these misplaced eggs are more common in less preferred hosts such as peach, and this placement may reßect largely an unsuccessful attempt of the female ßies to lay eggs into the fuzzy surface. The current study has practical applications for D. suzukii management. The presence of D. suzukii in peach is unlikely, as both Bellamy et al. (2013) and this study suggests. To further reduce the possibility of infested peach fruit, additional control programs for other insect pests should be appliedÑand this is already in place for most commercial operations. Harvest damage to the fruitÕs stem-end area could also be a potential oviposition site, and these fruit should also be culled, but the time period between harvest and cold storage is so short that the window of opportunity for oviposition is quite narrow. Rapidly moving harvested fruit in bins from the Þeld to storage will further reduce any opportunity of oviposition. Finally, peach trees are often harvested two or three times, typically 4 Ð7 d apart to allow for fruit to ripen in different parts of the tree. Care should be taken during harvest operations to reduce damage to the remaining fruit, even the abrasive removal of peach fuzz. Current peach integrated pest management programs do indeed use these insect control programs, as well as packing procedures to cull damaged fruit, and such efforts will decrease any risk of D. suzukii oviposition in peaches. Finally, the HPI proposed by Bellamy et al. (2013) used a combination of results from several independent studies, with the HPI index placing harvestable peach as more susceptible than blueberry and most similar to cherry. We focused on a hierarchal system whereby the drosophilid must Þrst successfully oviposit into the fruit before larval development becomes important. We suggest that the most important role played by peach orchards in D. suzukii control programs may be the postharvest utilization of damaged, unharvested peaches left in the orchard that serve as a population resource for D. suzukii populations before moving into more susceptible host fruits.
